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ABSTRACT Several Old World and New World arenaviruses are responsible for se-
vere endemic and epidemic hemorrhagic fevers, whereas other members of the Are-
naviridae family are nonpathogenic. To date, no approved vaccines, antivirals, or
specific treatments are available, except for Junín virus. However, protection of non-
human primates against Lassa fever virus (LASV) is possible through the inoculation
of the closely related but nonpathogenic Mopeia virus (MOPV) before challenge with
LASV. We reasoned that this virus, modified by using reverse genetics, would repre-
sent the basis for the generation of a vaccine platform against LASV and other
pathogenic arenaviruses. After showing evidence of exoribonuclease (ExoN) activity
in NP of MOPV, we found that this activity was essential for multiplication in antigen-
presenting cells. The introduction of multiple mutations in the ExoN site of MOPV
NP generated a hyperattenuated strain (MOPVExoN6b) that is (i) genetically stable
over passages, (ii) has increased immunogenic properties compared to those of
MOPV, and (iii) still promotes a strong type I interferon (IFN) response. MOPVExoN6b

was further modified to harbor the envelope glycoproteins of heterologous patho-
genic arenaviruses, such as LASV or Lujo, Machupo, Guanarito, Chapare, or Sabia vi-
rus in order to broaden specific antigenicity while preserving the hyperattenuated
characteristics of the parental strain. Our MOPV-based vaccine candidate for LASV,
MOPEVACLASV, was used in a one-shot immunization assay in nonhuman primates
and fully protected them from a lethal challenge with LASV. Thus, our hyperattenu-
ated strain of MOPV constitutes a promising new live-attenuated vaccine platform to
immunize against several, if not all, pathogenic arenaviruses.

IMPORTANCE Arenaviruses are emerging pathogens transmitted to humans by
rodents and responsible for endemic and epidemic hemorrhagic fevers of global
concern. Nonspecific symptoms associated with the onset of infection make
these viruses difficult to distinguish from other endemic pathogens. Moreover,
the unavailability of rapid diagnosis in the field delays the identification of the
virus and early care for treatment and favors spreading. The vaccination of ex-
posed populations would be of great help to decrease morbidity and human-to-
human transmission. Using reverse genetics, we generated a vaccine platform for
pathogenic arenaviruses based on a modified and hyperattenuated strain of the
nonpathogenic Mopeia virus and showed that the Lassa virus candidate fully
protected nonhuman primates from a lethal challenge. These results showed
that a rationally designed recombinant MOPV-based vaccine is safe, immuno-
genic, and efficacious in nonhuman primates.
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Lassa virus (LASV) is an Old World arenavirus responsible for a hemorrhagic fever that
is endemic in West Africa. Epidemiological data are scarce, but up to 300,000 people

may be infected annually, with several thousand of them succumbing to the disease (1),
while survivors often experience debilitating sequelae, such as irreversible deafness (2).
Lassa fever (LF) is the viral hemorrhagic fever (VHF) the most frequently imported to
northern countries, with approximately 30 cases during the last 10 years. More worry-
ing, the area of circulation of LASV is expanding, as illustrated by the outbreak of LF that
occurred in Benin in 2015, a country previously not affected by this virus, or by the
sporadic cases observed in Mali, Burkina Faso, Ghana, and Ivory Coast. Although the
mortality rate of LASV is frequently between 5 and 15%, outbreaks associated with a
mortality rate of approximately 30 to 40% have been observed recently in Nigeria and
Benin, and almost half of imported LF cases have resulted in death.

Arenaviruses are enveloped viruses with a bisegmented single-stranded RNA ge-
nome with an ambisense coding strategy. The large (L) segment encodes matrix
protein Z and RNA-dependent RNA polymerase L, whereas the small (S) segment
encodes the nucleoprotein (NP) and the precursor GPC of the envelope glycoprotein
GP1-GP2 (3). Except for pathogenic arenaviruses isolated in humans, most arenaviruses
have been isolated from their natural rodent reservoirs and have never been associated
with human disease. Among Old World arenaviruses, Mopeia virus (MOPV) has been
isolated in Mozambique from the same natural reservoir as LASV, Mastomys natalensis,
and is closely related to LASV, sharing approximately 75% amino acid homology (4).
MOPV is nonpathogenic in nonhuman primates (NHP) and can even protect them
against a lethal challenge with LASV (5, 6). We have previously shown that both viruses
share specific tropism for antigen-presenting cells (APC), in particular dendritic cells
(DC) and macrophages (MP) (7, 8), but only MOPV (i) activates APC, (ii) induces type I
interferon (IFN) production (9), and (iii) promotes a robust activation of T cells harboring
functional cytotoxic properties (10). The greater immunogenicity of MOPV than of
LASV, together with their close relationship, may explain the fact that MOPV is a
“natural live-attenuated” vaccine against LASV. However, the complete absence of
pathogenicity in NHP has not been demonstrated (6), and limited virulence has been
observed in a mouse model (11). Thus, this natural virus cannot be used in humans as
a vaccine.

Reverse genetics greatly improved the range of possibilities to study arenaviruses,
which also included the generation of attenuated viruses for vaccine purposes (12, 13).
Hence, viruses with a switch of the open reading frame (ORF) or codon deoptimization
in the S segment of lymphocytic choriomeningitis virus (LCMV) are viable and atten-
uated and protected mice from lethal challenge with wild-type (WT) LCMV (14–16).
Similar results were obtained with the replacement of the intergenic region of the L
segment with that of the S segment of LCMV (17, 18). To combat LF, several vaccine
candidates against LASV have already been assayed in NHP models and showed
promising results. A vesicular stomatitis virus (VSV)-based candidate expressing LASV
GPC fully protected NHP against several LASV strains (19, 20), but the use of the VSV
backbone in humans might be hampered because of possible side effects (21). The
expression of LASV GPC is sufficient to promote strong CD4� and CD8� T-cell re-
sponses, but other virus-derived antigens may also confer protection (20). To date, the
only arenavirus-based vaccine for LF is the Mopeia/Lassa virus reassortant virus ML29,
which harbors the L segment of MOPV and the S segment of LASV. ML29 was shown
to protect NHP in a challenge with LASV, but the lack of reverse genetics for ML29
impedes the manipulation and control of its genome, particularly with WT NP of LASV,
a known virulence factor that drastically dampens the type I IFN response in APC (22).
Taken together, these results suggest that if MOPV can act as a vaccine for LASV, a
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reverse-genetics system for MOPV used with an attenuated virulence factor(s) and
specific LASV antigenic properties would represent a promising new vaccine strategy.

NP of arenaviruses contains a DEDDH exoribonuclease (ExoN) domain that can
digest double-stranded RNA (dsRNA), limiting the recognition of pathogen-associated
molecular patterns by cell sensors and suppressing the induction of type I IFN re-
sponses (23, 24). We first confirmed that NP of MOPV has 3=-to-5= exoribonuclease
activity and used reverse genetics to generate a recombinant MOPV in which this
function of NP was stably abrogated. This virus is highly attenuated in APC, more
immunogenic than MOPV itself in terms of cell activation, and promotes a type I IFN
response comparable to that with WT MOPV (MOPVWT). Further modifications of the
genome of this “hyperattenuated” version of MOPV, named MOPEVAC, allowed the
introduction of the heterologous GPC ORF to generate MOPV-based strains against
pathogenic Old World and New World arenaviruses. The MOPVExoN6b GPC LASV candidate
(MOPEVACLAS) was then used to immunize cynomolgus macaques before challenge
with LASV. All immunized animal survived challenge, while all terminally ill control
animals were euthanized. Our results establish the basis of an efficacious and versatile
recombinant MOPV-based arenavirus vaccine platform against pathogenic arenavi-
ruses.

RESULTS
Reverse genetics for generation of an ExoN knockout-based attenuated MOPV.

Previous studies have demonstrated the potential of MOPV to provide protection from
LF (5, 6, 25). We propose the use of MOPV as a molecular basis for the development of
a putative vaccine platform for pathogenic arenaviruses. NP of most arenaviruses is a
virulence factor that is able to hinder the recognition of dsRNA intermediates by cellular
sensors through their ExoN activity. We assessed the potential ExoN activity of NP of
MOPV and its inhibition by synthesizing the C-terminal domains (residues 354 to 569)
of WT MOPV and the D390A/G393A (NP ExoN) double mutant and incubating them for
up to 30 min with radiolabeled 20-bp-long dsRNA probes. Gel separation of the
reaction products showed that the WT domain was able to degrade the probe in a time-
and Mn2�-dependent manner, contrary to the D390A/G393A mutant, which was
unable to degrade the probe (Fig. 1A). We further assessed the role of ExoN activity in
the inhibition of dsRNA sensing by cell host factors. We cotransfected HEK293T cells
with a plasmid driving the expression of firefly luciferase (FF-Luc) under the control of
an IFN regulatory 3 (IRF3)-dependent promoter along with expression plasmids for
hemagglutinin (HA)-tagged versions of NP from the WT or the ExoN mutant (D390A/
G393A) of MOPV, before infection with Sendai virus (SeV). The HA-tagged versions of
the WT or the ExoN mutant (D389A/G392A) of LASV were used as controls. Western blot
analysis of the cellular NP content showed a general decrease in the expression level
of LASV NP relative to that of MOPV NP in our assay, regardless of the amount of
transfected plasmids used. Both the WT and the ExoN mutant of MOPV were expressed
at similar levels. In the absence of NP, SeV infection increased IRF3-dependent FF-Luc
activity (mock) by 260-fold. The WT versions of both LASV and MOPV NP significantly
inhibited this activity by 95 and 90%, respectively, whereas mutated NP was unable to
inhibit FF-Luc activity by more than 10% at the lowest concentration and 60% at the
highest (Fig. 1B). Hence, MOPV NP has ExoN activity that can be reduced by the
introduction of mutations in the active site of the enzyme.

We next investigated the consequence of the introduction of the same mutations in
NP of MOPV in an infectious context by setting up a four-plasmid reverse-genetics
system for MOPV similar to that of LASV (26). Both WT recombinant MOPV (rec-
MOPVWT) and the recombinant ExoN mutant of MOPV (rec-MOPVExoN) were rescued,
and the kinetics of their growth were compared to that of the WT natural virus
(nat-MOPVWT) in Vero E6 cells infected at a multiplicity of infection (MOI) of 0.001 (Fig.
1C). The growth rates of nat- and rec-MOPVWT rapidly reached a plateau and were
indistinguishable from each other. The growth curve of rec-MOPVExoN was parallel to
that of the WT counterparts but with a 15-fold-lower titer. Similar results were obtained
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with Vero E6 cells infected at an MOI of 0.01 (data not shown). Both versions of MOPVWT

had similar plaque phenotypes, whereas rec-MOPVExoN had a small-plaque phenotype.
The delayed and reduced multiplication of MOPV ExoN in Vero E6 cells suggests that
the introduction of these mutations is responsible for the observed attenuation.

To verify the attenuated profile of our rec-MOPVExoN, we infected monocyte-derived
MP along with nat-MOPVWT or rec-MOPVWT. MP were infected with all three viruses at
an MOI of 0.1, and the cell culture supernatants were collected for 4 days and titrated
in order to compare their capacities to replicate (Fig. 2A). Both natural and recombinant
strains of MOPVWT were able to sustain multiplication throughout the experiments. We
were unable to detect infectious rec-MOPVExoN in the supernatants of MP. To compare
the immunogenicity of rec-MOPVExoN with those of the WT viruses, MP infected with

FIG 1 MOPV NP has ExoN activity required for efficient multiplication. (A) In vitro degradation of a 5=-�-32P-labeled dsRNA
probe by the recombinant C-terminal domain of WT or D390A/G393A mutant MOPV NP. Purified ExoN domains and
substrate probes were incubated with 5 mM MnCl2 for up to 30 min. The WT ExoN domain was incubated with EDTA (10
mM) as a positive control for the abrogation of ExoN activity. T, time. (B) Inhibition of SeV-induced IRF3 activation by ExoN
activity of MOPV NP. HEK293T cells were transfected with plasmids encoding WT or ExoN mutant NP of MOPV or LASV
along with a plasmid with FF-Luc under the control of an IRF3 response element (p55CIB-Luc) for 24 h prior to infection
with SeV. At 24 h postinfection, cells were lysed, and Luc activities were measured by using the Dual-Glo luciferase assay
(Promega). FF-Luc activity was normalized to that of renilla Luc. Both levels of luciferase activity are expressed as arbitrary
units, and the results are expressed as the means � standard errors of the means of data from three independent
experiments performed in triplicate. ***, P � 0.001. The vertical lines indicate where the original blots were spliced
together. NI, noninfected. (C) Reverse genetics for MOPV. Transfection of mouse Pol-I-driven expression plasmids for the
S (with the WT or D390A/G393A mutant NP ORF) and WT L segments with plasmids encoding WT NP and L-polymerase
(Lpol) ORFs of MOPV allowed the rescue of rec-MOPVWT and rec-MOPVExoN. The replication kinetics of passage 2
recombinant viruses were compared to those of nat-MOPVWT in Vero E6 cells infected at an MOI of 0.001. Supernatants
were collected and titrated. Results are expressed as FFU per milliliter. Plaque phenotypes for the three viruses harvested
72 h after infection are shown.
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these viruses at an MOI of 1 were monitored for the cell surface expression of activation
markers 48 h after infection (Fig. 2B). Infection with nat- or rec-MOPVWT promoted
similar increases in the expression levels of CD40 and CD80 in MP compared to those
under mock conditions, but this difference was not significant. In contrast, there was a
large and significant increase in the percentage of cells that were positive for the
surface expression of both molecules following rec-MOPVExoN infection (P � 0.01 and
P � 0.001, respectively). All three viruses promoted similar increases in CD86 expression
levels in MP compared to mock-infected MP (P � 0.001). We then compared the type
I IFN responses to infection with the three viruses by the quantification of mRNA levels
of IFN-�, IFN-�1, and IFN-�2 in infected MP. All viruses promoted robust increases in the
mRNA levels of all three IFNs compared to mock infection. Our results indicate that the
knockdown of ExoN activity in MOPV prevents the replication of the virus and promotes
strong cellular activation in MP but has a limited impact on increasing an already strong
type I IFN response. We reasoned that the generation of this hyperattenuated MOPV
could constitute the starting point for a MOPV-based vaccine platform for pathogenic
arenaviruses.

Reinforcement of the mutation at the ExoN site of MOPV NP. The attenuation of
ExoN of MOPV relies on the introduction of two mutations, in the active site of the
enzyme, of residues involved in the divalent cation binding site. Since we previously
observed reversion to the WT in a single ExoN NP mutant of LASV, we substituted up
to five additional residues (mutant 3 [M3] to M7) (Fig. 3A) of the DEDDH domain of
MOPV NP that are in direct or close contact with the divalent cation required for ExoN
activity to strongly minimize the probability of the reversion of the ExoN-mutated NP

FIG 2 ExoN mutant MOPV is a potent activator of MP and the type I IFN response. MP were infected with
nat-MOPVWT, rec-MOPVWT, or rec-MOPVExoN for 1 h; washed twice; and cultured in complete MP medium.
(A) The supernatants of MP infected at an MOI of 0.1 were collected after infection, and every 24 h for
4 days, and titrated. (B) MP infected at an MOI of 1 were detached 48 h after infection; saturated with
human IgG; surface stained with antibodies to CD40, CD80, and CD86 before final fixation in PBS–1% PFA;
and analyzed by flow cytometry (BD Biosciences). **, P � 0.01; ***, P � 0.001. (C) RT-qPCR analysis of
IFN-�1, -�2, and -�; TNF-�; and CXCL10 mRNA levels in mock-infected MP and MP infected at an MOI of
1, 24 h after infection. The expression levels of all genes were normalized to GAPDH mRNA levels. The
final results are expressed as fold induction relative to GAPDH. The results represent the means �
standard errors of the means of data gathered from four different donors.
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FIG 3 Reinforcement of the mutated ExoN site of MOPV NP. (A) Schematic representation of the DEDDH domain
of MOPV NP and nomenclature of the introduced mutations. The capacities of WT and mutated NP to inhibit the
IRF3-dependent expression of FF-Luc activity in HEK293T cells infected by SeV were measured and normalized as
described in the legend of Fig. 1B. The results obtained are shown as the means � standard errors of the means
of data from three independent experiments performed in triplicate. (B) Reverse genetics for the NP mutant viruses
MOPVExo3, MOPVExo5, and MOPVExoN6b and comparison of growth kinetics with those of MOPVWT and MOPVExoN in
Vero E6 cells. Infected-cell supernatants were collected and titrated as described in the legend of Fig. 1D. (C to F)
MP were infected with MOPVWT, MOPVExoN, and MOPVExoN6b for 1 h; washed twice; and cultured in complete MP
medium. (C and D) The supernatants of MP infected at an MOI of 0.1 were collected and titrated (C), and NP RNA
was quantified from total RNA extracted from infected cells by using an in-house RT-qPCR assay (D). (E) MP infected
at an MOI of 1 were stained 48 h after infection for cell surface expression of the CD40, CD80, and CD86 activation
markers before analysis by flow cytometry. (F) RT-qPCR quantification of IFN-�1, -�2, and -� mRNA levels in
mock-infected MP and MP infected at an MOI of 1, 24 h after infection, normalized to GAPDH mRNA levels, as
described in the legend of Fig. 2C. The results represent the means � standard errors of the means of data
collected from three different donors. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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ORF to the WT (27). The selected mutations were first introduced into an HA-tagged
MOPV NP expression plasmid, and their capacity to block the IRF3-driven response to
SeV infection in HEK293T cells was measured. All mutated NP had similar expression
profiles, regardless of the number of mutations of the ExoN active site (Fig. 3A). WT
MOPV NP inhibited 95% of FF-Luc IRF3-dependent induction, whereas all other mutants
had at least a 10-fold decrease in ExoN activity (Fig. 3A). We then introduced these
mutations into the NP ORF of the MOPV S segment, and the corresponding viruses were
rescued. The ExoN4, ExoN6a, and ExoN7 mutant viruses were discontinued, as they had
low titers and delayed kinetics incompatible with further studies. The ExoN3, ExoN5,
and ExoN6b variants had titers, growth kinetics, and plaque phenotypes in Vero E6 cells
that were similar to those of MOPVExoN (Fig. 3B).

The MOPVExoN6b variant was selected for further analysis, as it contained the highest
number of mutations. We investigated its capacity to replicate and induce an immune
response in APC. MP were infected at an MOI of 0.1, and cell culture supernatants were
titrated. Similar to MOPVExoN, MOPVExoNb6 was not released from infected MP, in
contrast to MOPVWT (Fig. 3C). Quantification of viral RNA in infected MP showed an
increase in viral RNA copy numbers for MOPVWT starting 24 h after infection. In contrast,
the viral RNA content in MOPVExoN- and MOPVExoN6b-infected cells decreased through-
out the experiment (Fig. 3D). We monitored the cell surface activation markers CD40,
CD80, and CD86 after infection at an MOI of 1. Both MOPVExoN and MOPVExoN6b

promoted enhanced numbers of CD40- and CD80-positive MP compared to MOPVWT,
but only CD80 expression was significantly increased between WT and mutated MOPV
(P � 0.01). CD86 was highly upregulated in infected MP relative to mock-infected cells
for all three viruses (P � 0.001) (Fig. 3E). The type I IFN response of infected MP was
1,000- to 10,000-fold greater than that in noninfected MP for all three viruses (Fig. 3F).
MOPVExoN6b showed the same growth characteristics as those of MOPVExoN, despite the
four additional mutations being introduced into the ExoN active site of the NP. Both
viruses were unable to replicate in MP but promoted stronger activation than did
the WT virus and a comparable type I IFN response. We thus propose the use of
hyperattenuated MOPVExoN6b, with the reinforced knockout of ExoN activity, as a
platform for the design of vaccine candidates against pathogenic arenaviruses and
name it “MOPEVAC.”

Swapping the GPC ORF of LASV and MOPV to generate a vaccine specific for
Lassa fever. In order to use GPC of pathogenic arenaviruses as specific antigens for
immune activation in the MOPEVAC backbone, we investigated whether the enve-
lopes of MOPV and LASV might be involved in virulence. We modified the S
segments of both viruses and used reverse genetics to generate MOPV expressing
GPC of LASV (MOPVGPC LASV) and LASV expressing GPC of MOPV (LASVGPC MOPV) (Fig.
4A). We first analyzed their replication along with those of their WT counterparts in
Vero E6 cells and found that all four viruses had similar titers and growth kinetics,
reaching a plateau 3 days after infection. Only LASVGPC MOPV showed a slight delay 24
h after infection relative to the other viruses (Fig. 4B). We then used these viruses to
infect MP at an MOI of 1 and quantified the type I IFN response by reverse transcription-
quantitative PCR (qRT-PCR) 24 h after infection (Fig. 4C). We confirmed that MOPVWT is
more immunogenic than LASVWT, as type I IFN mRNA levels induced by MOPV were
higher than those induced by LASV. The GPC chimeric viruses induced type I IFN mRNA
levels comparable to those of their respective WT counterparts. Our results provide
direct evidence that GPC does not play a role in the control of the type I IFN response
in MP.

MOPEVAC as a vaccine platform for pathogenic Old World and New World
arenaviruses. Based on the use of the MOPEVAC platform, we developed a common
strategy to produce vaccines against pathogenic arenaviruses. A GPC-deleted
version of the MOPVExoN6b S segment was generated for the direct insertion of the
GPC ORF of related pathogenic Old World or New World arenaviruses (Fig. 5A). We
generated six chimeric MOPVExoN6b expressing GPC from LASV, Lujo virus (LUJV),
Machupo virus (MACV), Guanarito virus (GUAV), Chapare virus (CHAV), and Sabia
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virus (SABV). The GPC chimeras of LASV (MOPEVACLAS), LUJV (MOPEVACLUJ), and
MACV (MOPEVACMAC) had plaque phenotypes, titers, and growth rates similar to
those of the parental MOPEVAC in Vero E6 cells (Fig. 5A). The GPC chimeras of GUAV
(MOPEVACGUA), CHAV (MOPEVACCHA), and SABV (MOPEVACSAB) had 5- to 10-fold-
lower titers and smaller-plaque phenotypes (Fig. 5A, right). To assess their stability,
MOPEVAC, MOPEVACLAS, MOPEVACLUJ, and MOPEVACMAC were passaged iteratively
up to 10 times in Vero E6 cells at an MOI of 0.01. The titers of the mutated viruses
were compared with that of MOPVWT obtained under identical conditions (Fig. 5B). We
observed a general decrease in the titers of all viruses from passage 2 to passage 5,
which was more pronounced for MOPEVAC and MOPEVACMAC than for the others.
Except for MOPEVAC, all other viruses recovered titers similar to titers obtained at
passage 1 from passages 6 to 10. We then investigated the stability of the genome of
MOPVWT, MOPEVACLAS, MOPEVACLUJ, and MOPEVACMAC throughout these passages.
Viral RNA was extracted from stocks obtained at passages 1 and 5 and submitted to
deep-sequencing analysis. The results showed an almost total coverage of the genome
sequence, except for the intergenic region of the S segment, which is notably difficult

FIG 4 GPC of LASV and MOPV are not involved in the type I IFN response. (A) Schematic representation of the GPC-deleted version of the LASV
or MOPV S segments used to generate the chimeric viruses MOPVGPC LASV and LASVGPC MOPV. (B) Growth kinetics of the recombinant viruses
MOPVWT, MOPVGPC LASV, LASVWT, and LASVGPC MOPV in Vero E6 cells infected at an MOI of 0.01. Supernatants of infected cells were titrated as
described above. (C) RT-qPCR quantification of IFN-�1, -�2, and -� mRNA levels in mock-infected MP and MP infected at an MOI of 1, 24 h after
infection, normalized to GAPDH mRNA levels. Results represent the means � standard errors of the means of data collected from three different
donors.
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to sequence because of the repeated sequences and secondary structures (data not
shown). At passage 5, sequences were identical to the respective cloned sequences
used for rescue, with no mutation in MOPVWT and only the ExoN mutations in the
MOPEVAC-based viruses. All heterologous GPC sequences introduced into MOPEVAC
were also identical to their respective sequences of reference. We did not detect the
emergence of mutations in heterologous GPC or other regions of the MOPEVAC
genome. Notably, we noted the presence of WT NP sequences in the first passages that
likely originated from the residual presence of the pTM1-NP plasmid transfected at the
time of rescue. However, 100% of the sequences were ExoN6b at passage 5. We then
evaluated the ability of MOPEVACLAS to activate the immune response in MP and
compared it to those of MOPVWT and MOPEVAC. The kinetics of replication in MP after
infection at an MOI of 0.1 showed that MOPEVACLAS was unable to proliferate in MP,
similarly to MOPEVAC and in contrast to MOPVWT (Fig. 6A). Viral RNA levels in cells
infected with the MOPEVAC-based constructs slowly decreased during the course of
the infection (Fig. 6B). Forty-eight hours after infection, 80% of MP infected with
MOPEVAC and MOPEVACLAS at an MOI of 1 expressed CD40 at their cell surface, a 2-fold
increase compared to MOPVWT-infected MP (P � 0.01). An 8- to 10-fold increase in the

FIG 5 Generation of a vaccine strain platform for arenaviruses based on attenuated recombinant MOPV. (A)
Reverse-genetics strategy for the generation of MOPVExoN6b expressing GPC of the pathogenic arenaviruses LASV,
LUJV, MACV, GUAV, CHAV, and SABV. Passage 2 viruses were used to infect Vero E6 cells at an MOI of 0.01, and
supernatants were collected and titrated. A representative example of the plaque phenotype of passage 2 viruses
is shown. (B) Multiple passages of MOPVWT, MOPVExoN6b, MOPVExoN6b GPC LASV, MOPVExoN6b GPC LUJV, and MOPVExoN6b

GPC MACV in Vero E6 cells. De novo stocks of all five viruses, from passage 1 to passage 10, were used to infect cells
for 4 days at an MOI of 0.01.
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number of CD80-positive MP was observed for MOPEVAC- and MOPEVACLAS-infected
cells compared to MOPVWT-infected cells (P � 0.01 and P � 0.001). On the contrary,
CD86 was expressed at the surface of fewer MOPEVAC- and MOPEVACLAS-infected cells
than in MOPVWT-infected MP (P � 0.01) (Fig. 6C). The type I IFN response for the
MOPEVAC-based constructs was similar to that for MOPVWT, which was at least 3 logs
higher than those under mock conditions (Fig. 6D). The quantification of IFN-�2 levels
in the supernatants of the corresponding infected MP (MOI of 0.1) confirmed the robust
induction observed at the mRNA level. We detected 27- and 108-fold more IFN-�2 in
the supernatants of MOPEVAC- and MOPEVACLAS-infected cells, respectively, than in
the supernatants of WT MOPV-infected MP (Fig. 6E). Taken together, our results show
that MOPEVACLAS induced cellular activation and a strong type I IFN response in
infected MP similar to those induced by its parental MOPEVAC. Therefore, the GPC ORF
present on the surface of our vaccine candidates does not modify their capacity to
activate APC.

A single shot of MOPEVACLAS protects cynomolgus monkeys against LASV
challenge. To confirm the potential of our MOPEVACLAS candidate as an effective
vaccine against LASV, we immunized four cynomolgus monkeys with 6 � 106 focus-
forming units (FFU) 37 days before challenge with LASV (Josiah strain). Three animals
were treated with an irrelevant vaccine and used as controls. A single dose of either
vaccine was injected during the study. Following the subcutaneous injection of
MOPEVACLAS, we did not record any sign of clinical symptoms or viremia during the 37

FIG 6 The MOPEVACLAS strain is an effective activator of MP and the type I IFN response. MP were infected
with MOPVWT, MOPVExoN6b, or MOPVExoN6b GPC LASV for 1 h, washed twice, and cultured in complete MP
medium. (A) The supernatants of MP infected at an MOI of 0.1 were collected after infection for 4 days and
titrated as described in Materials and Methods. (B) Total RNA was extracted from the cells, and NP RNA
levels were quantified by using an in-house RT-qPCR assay. (C) Cell surface expression of CD40, CD80, and
CD86 in mock-infected MP and MP infected at an MOI of 1, 48 h after infection. (D) Total RNA in MP infected
at an MOI of 1 were collected 24 h after infection and DNase treated, and mRNA levels of IFN-�1, -�2, and
-� were quantified after oligo(dT) cDNA-driven RT and primer/probe PCR quantification (Applied Biosys-
tems). The expression levels of all genes were normalized to GAPDH mRNA levels. The final results are
expressed as fold induction relative to GAPDH. (E) Quantification of IFN-�2 levels in supernatants of infected
MP (MOI of 0.1) harvested 24 h postinfection by an ELISA. For panels C to E, results represent the means �
standard errors of the means of data collected from three different donors. **, P � 0.01; ***, P � 0.001.
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days before challenge, except for low-grade fever observed for all animals on the day
of immunization. Blood samples were collected at several time points, and the activa-
tion of CD4� and CD8� T cells was measured after stimulation with LASV GPC-derived
peptides. Our results showed that tumor necrosis factor alpha (TNF-�)-producing CD8�

and CD4� T cells were induced 14 days after immunization in most immunized animals
in response to LASV GPC-derived peptides. In one animal, GPC-specific CD8� T cells
were rather detected 30 days after immunization, while in another one, GPC-specific
CD4 T cells circulated for 14 days postimmunization (Table 1). Importantly, neutralizing
antibodies specific for MOPEVACLAS were detected in the plasma of all immunized
animals 23 days after immunization. Thus, a single shot of MOPEVACLAS was able to
induce both cellular and humoral immune responses against LASV.

All animals were then submitted to a challenge with LASV injected subcutaneously
(1,500 FFU). The three control animals presented severe clinical signs, including fever,
anorexia, prostration, and final hypothermia, and were killed at between days 12 and
15 after reaching the endpoint defined in the protocol. The four animals immunized
with MOPEVACLAS survived the challenge. Three animals presented a fever from days 5
to 10, while the temperature of the fourth animal remained within the normal range.
No other symptoms were recorded throughout the course of the challenge. Our results
showed that MOPEVACLAS fully protects animals against a lethal challenge with LASV.
Taken together, these results showed that our hyperattenuated MOPV-based LASV
vaccine candidate is effective.

DISCUSSION

The close relatedness of MOPV to LASV makes it a live-attenuated vaccine against
LASV (5, 25, 28). However, the lack of a complete understanding of MOPV behavior in
NHP and, more importantly, the lack of data concerning MOPV infection in humans
impede its use as a vaccine against LASV. The reassorted virus ML29 allows the
presentation of LASV GP1 and GP2 to the immune system, both of which are antigens
that are known to be sufficient for protection against LASV (19, 28–31). Indeed, ML29
is highly immunogenic in NHP, and a single shot fully protects them against a lethal
LASV challenge (31). The viability and attenuation profile of ML29 likely rely on the close
relationship between both viruses, but such a strategy to generate vaccines for other
pathogenic arenaviruses may not be extendable. Moreover, the prolonged presence of
infectious material in blood and/or organs, including brain and lungs, after immuniza-
tion and also the possibility of shedding through oral, rectal, and vaginal secretions
make it difficult to cope with today’s standard for human vaccine purposes (31). These
results suggest that WT LASV ExoN activity renders ML29 capable of multiplying in
monkey cells, thereby explaining the presence of infectious material weeks after
immunization in NHP and an even higher level of viremia in immunocompromised
NHP. Taken together, these results raise questions regarding the host control of this
vaccine strain despite its efficacy (31, 32). Here, we developed a rationally designed

TABLE 1 Immunogenicity and efficacy of MOPEVACLAS in LASV NHP challenge

Animal Vaccine
MOPEVACLAS-NAb
titera

% of CD8� T cells
producing TNF-�b

% of CD4� T cells
producing TNF-�b

Day of
death

1 MeV Schwarz Neg Neg Neg 12
2 MeV Schwarz Neg Neg Neg 14
3 MeV Schwarz Neg Neg Neg 15
4 MOPEVACLAS 1:100 0.07c 0.15 Survived
5 MOPEVACLAS 1:250 0.05 0.11d Survived
6 MOPEVACLAS 1:100 2.62 1.12 Survived
7 MOPEVACLAS 1:100 0.37 0.39 Survived
aFifty percent MOPEVACLAS-neutralizing antibody (NAb) titers.
bPercentages of LASV GPC-specific CD8� and CD4� T cells producing TNF-� at day 21 postimmunization.
Neg, negative.

cPercentage of LASV GPC-specific CD8� T cells producing TNF-� at day 30 postimmunization.
dPercentage of LASV GPC-specific CD4� T cells producing TNF-� at day 14 postimmunization.
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vaccine platform that is easily applicable to Old World and New World arenaviruses and
quickly adaptable to new emerging viruses. Our approach is based on the modification
of MOPV, which is possible by using a reverse-genetics system similar to the one that
we developed for LASV (26). The ExoN activity located in the C-terminal domain of NP
of LASV digests the dsRNA intermediates generated during viral replication, making its
RNA less visible to retinoic acid-inducible gene I (RIG-I) and MDA5, the main cellular
sensors involved in the type I IFN response induced by arenaviruses (22, 33). The
DEDDH motif characteristics of this ExoN activity is conserved among arenaviruses,
even in those not associated with pathogenicity in humans or NHP, including MOPV.
We show here that the ExoN activity of MOPV is functional, is capable of digesting
dsRNA, and inhibits type I IFN induction. We have not been able to compare the activity
of MOPV ExoN with the one of LASV at the enzymatic level, but it seems that the
increases of type I IFN mRNA synthesis in infected MP compared to the mock-infected
counterparts are equivalent (about 3 logs) after the abrogation of LASV (26) and MOPV
ExoN (this study) activities. However, the variations of type I IFN mRNA synthesis and
IFN-�2 release between MOPV or LASV and its ExoN-deficient counterpart are more
elevated in the case of LASV (26). This result suggests that a more efficacious ExoN
activity of LASV, fine-tuning of NP expression, the ability to interact and inhibit the
cellular partner’s activity, and/or other virulence factors may be responsible for the
differences in type I IFN inhibition and pathogenicity between LASV and MOPV. A
recent report suggested that the Z protein of LASV, but not that of MOPV, can bind
RIG-I and MDA5 and suppress subsequent type I IFN induction (34). Moreover, LASV NP
has been shown to bind I�B kinase � (IKK�) and to inhibit the further phosphorylation
of IRF3 (35). The ability of MOPV NP to bind this factor is not known, and no cellular
partners have been identified so far. Finally, it was recently demonstrated that the
polymerase of MOPV, but not that of LASV, is able to induce the activation of RIG-I and
MDA5, probably through the synthesis of dsRNA (36). Altogether, these additional
mechanisms may account for the differences in pathogenicity and immunogenicity
between LASV and MOPV, thereby explaining the attenuation of ML29.

The ExoN mutation in MOPVExoN induced attenuation in Vero E6 cells, which are
unable to produce type I IFN, and completely impeded replication in human MP, in
contrast to the WT virus. Furthermore, MOPVExoN was more immunogenic than its WT
counterpart in human MP, with a slight increase of type I IFN mRNA synthesis and a
strong upregulation of surface activation molecules. The abrogation of the ExoN
activity of NP gave rise to a hyperattenuated MOPV, which is immunogenic in APC but
unable to replicate in these cells and constitutes the cornerstone for the development
of our live-attenuated vaccine against LASV. The risk of reversion toward a WT geno-
type/phenotype during virus passages was considered, as the abrogation of the ExoN
domain of MOPVExoN relied on only two amino acid changes. Additional mutations
targeting the residues involved in the catalytic site of the enzyme were introduced to
circumvent this issue. We generated MOPVExoN6b, in which the abrogation of ExoN
activity relies on six amino acid changes, and found that this virus is stable and retained
the same replication and immunogenic properties as those of the initial MOPVExoN. This
virus therefore constituted our vaccine backbone and was named MOPEVAC (Fig. 3).

Anti-GP immunity is mandatory for an arenavirus vaccine (19, 25). As this antigen has
been shown to be sufficient to induce protective immunity, it would be unreasonable
to use WT MOPV GPC as a heterologous antigen considering the wide array of
circulating LASV strains (37). Previous studies suggested that GPC of New World
arenaviruses may be involved in virulence (38–41). On the contrary, a large body of
evidence arises from ML29 studies and argues against a role of LASV GPC in the
virulence of LASV compared to MOPV. Indeed, no adverse effect has been observed
after the inoculation of ML29, expressing LASV GPC, in guinea pigs or NHP (30, 31). To
confirm that LASV GPC will not modify the virulence of MOPV, we assessed whether
exchanging GPC of MOPV with that of LASV modifies the profile of the type I IFN
response in ExoN mutant and WT viruses. Chimeric LASV and MOPV carrying GPC of the
other virus had the same type I IFN response as their WT counterparts (Fig. 4C). These
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results suggest that MOPEVAC will be a safe platform, regardless of the GPC encoded.
The knockdown of the ExoN function abrogates effective replication within human APC,
despite infection, thereby preventing any virulence from the expression of the viral
envelope. Consequently, it is likely that this vector will not persist in the host and will
be rapidly eliminated without spreading. This property is an important feature for an
arenavirus-based vaccine, given the ability of some arenaviruses, such as LCMV, to
induce persistent infection. We therefore swapped GPC of MOPV with GPC of Old World
and New World arenaviruses known to induce VHF, thereby allowing the rescue of six
potential vaccine candidates.

To demonstrate that MOPEVAC is a safe and immunogenic vaccine platform that is
able to provide protection after a single shot, we performed a proof-of-concept
experiment with MOPEVACLAS in the relevant cynomolgus monkey model. Previous
results demonstrated that MOPV can induce robust T-cell responses, including cyto-
toxic T cells, in an in vitro model for the induction of primary T-cell responses (10). We
show here that the MOPEVACLAS is able to generate robust humoral and T-cell
responses within weeks following immunization. The LASV challenge succeeded with
100% protection in immunized animals, while all mock-treated animals were eutha-
nized due to advanced LF symptoms. Further studies are still required to assess the
complete potential of our MOPV-based vaccine platform. First, the safety of the MOPV
backbone must be confirmed by investigating the presence or the absence of shedding
and of sterilizing immunity in NHP. We also need to understand the molecular mech-
anisms that drive the antigen presentation of the MOPEVACLAS live-attenuated virus for
T- and B-cell activation. We detected the presence of neutralizing antibodies specific for
MOPEVACLAS in immunized NHP before challenge. This significant amount of neutral-
izing antibodies demonstrates that the vaccine has been able to induce a functional
humoral response directed against LASV GPC. Also of note is the potency of MOPEVAC
in inducing neutralizing antibodies, suggesting that this platform will probably be
efficient against New World arenaviruses, given the role of neutralizing antibodies for
the control of these viruses (42–45). The induction of humoral and cellular responses
against MOPV NP and the possible cross-reactivity against LASV NP, as well as their role
in the control of LASV infection in NHP, will be further addressed. Nevertheless, the
ability of vaccine candidates based only on LASV GPC to provide full protection against
LASV infection was demonstrated previously (19, 25), suggesting that the protective
immunity induced by MOPEVACLAS is probably mainly GPC mediated.

The specifications of an “ideal” vaccine against LASV, or other arenaviruses, would
be (i) to induce T-cell responses, which are mandatory for protection; (ii) to be effective
after a single inoculation, to facilitate vaccination programs in countries of endemicity
and because ring vaccination is very useful for the control of outbreaks (46); (iii) to use
homologous GPC, as this antigen is necessary and sufficient for protection; (iv) to be
rapidly eliminated by the host and not persist; (v) to be genetically stable and safe; and
(vi) to induce long-lasting protection. We believe that MOPEVACLAS presents all these
characteristics. Outbreaks of VHF due to arenaviruses occur mainly in rural areas with
poor health care infrastructures and a limited ability for diagnosis. The human and
economic consequences of these outbreaks are a major threat to public health and
require an appropriate answer. Given the dynamics of the Arenaviridae family, with
reports of newly identified viruses as well as the emergence of known Arenaviridae in
areas where they have not been reported previously (exemplified by the recent
outbreaks of LF in Benin and Togo), the most efficient means to combat these diseases
is to immunize people at risk. One of the advantage of our platform-based vaccine
approach is its versatility toward known arenaviruses and their genetic diversity but
also toward these new viruses (47, 48). We have demonstrated that the MOPEVACLAS

vaccine showed promising results in the NHP model, and further investigations will be
performed to confirm the complete efficacy, safety, and immunogenicity of our plat-
form.
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MATERIALS AND METHODS
Cells and viruses. BHKT7/9 cells were used to rescue recombinant viruses and were maintained as

described previously (26). Vero E6 cells and HEK293T cells were grown in GlutaMAX Dulbecco modified
Eagle’s medium (DMEM; Life Technologies) supplemented with 5% fetal calf serum (FCS), 1% HEPES, and
0.5% penicillin-streptomycin. Blood samples were obtained from the Etablissement Français du Sang
(EFS) (Lyon, France). Mononuclear cells were purified by Ficoll density gradient centrifugation (GE
Healthcare). Monocytes were first separated from peripheral blood mononuclear cells by centrifugation
on a cushion of 50% Percoll (GE Healthcare, Velizy, France) in phosphate-buffered saline (PBS) and then
purified by using monocyte isolation kit II according to the manufacturer’s instructions (Miltenyi Biotec,
Paris, France). MP were obtained by incubating monocytes for 6 days in a solution containing RPMI, 10%
FCS, and 10% autologous serum supplemented with 50 ng/ml of macrophage colony-stimulating factor
(M-CSF). M-CSF was added every 2 days, and 40% of the culture medium was replaced. Strain AN21366
(GenBank accession numbers JN561684 and JN561685) was used for infection and to establish the
reverse-genetics system for MOPV. The LASV AV reverse-genetics system was described previously (26).
The GPC ORF for LASV (strain Josiah; GenBank accession number J04324), LUJV (GenBank accession
number NC_012776), MACV (GenBank accession number AY619643), GUAV (strain INH 95551; GenBank
accession number AY129247), CHAV (GenBank accession number NC_010562), and SABV (GenBank
accession number NC_006317) were used in this study. The DI-H4 strain of SeV was a gift from D. Garcin
(University of Geneva, Switzerland).

Plasmid constructs. For exonuclease activity experiments, the regions spanning residues 365 to 570
of WT and D390A/G393A ExoN mutant MOPV NP were cloned in frame with the N-terminal cleavable
thioredoxin-hexahistidine tag into the pETG20A expression vector (Gateway; Life Technologies, Carlsbad,
CA). For the reverse-genetics system of MOPV, a four-plasmid strategy was used for virus rescue. The L
and S segments of MOPV were reverse transcribed from viral RNA extracts, and the resulting cDNA was
cloned into the pRF108 plasmid between mouse polymerase I (Pol-I) promoter/terminator signals. An
extra nontemplated G base was included at the 5= end of the cloned sequences. The L and NP ORF were
cloned into the pTM1 plasmid (T7 promoter/terminator signals) to support both the transcription and
replication of the viral segments. To generate the S-segment-derived GPC chimera, GPC ORF-deleted
versions of the plasmids encoding the S segments of either MOPV or LASV were generated with BsmBI
restriction sites introduced downstream and upstream of the start and stop codons of the deleted
ORF, respectively. The GPC ORF of heterologous arenaviruses were then cloned into the modified
plasmids. For the SeV-dependent IRF3 activation reporter assay, MOPV NP with a C-terminal HA tag
was expressed from the phCMV plasmid. All mutations were introduced by using a site-directed
mutagenesis strategy according to the manufacturer’s instructions (Agilent). All plasmid constructs
were verified by sequencing.

Protein expression and exonuclease activity assay. Transformed bacteria were grown in LB
medium at 37°C to an optical density at 600 nm (OD600) of 0.5. Expression was induced with 0.5 mM
isopropyl-�-D-thiogalactopyranoside (IPTG), and bacteria were grown at 17°C overnight after supple-
mentation of the medium with ZnCl2 to 100 �M. Cell pellets were frozen, stored at �80°C, and then
resuspended in a buffer containing 20 mM HEPES (pH 7.5), 300 mM NaCl, 5 mM imidazole, and 5%
glycerol, to which 0.04 mg/ml of DNase and 0.08 mg/ml of lysozyme had been added. The solution was
lysed by using a sonicator, and the lysate was clarified by centrifugation at 20,000 rpm for 30 min at 4°C.
The protein was first purified by cobalt affinity chromatography. To remove the fusion tag, the elution
fraction containing the protein sample was cleaved with tobacco etch virus (TEV) and reapplied onto a
second cobalt resin column. A final purification was performed by size exclusion chromatography
(Superdex 75 column) in a solution containing 20 mM Tris (pH 7.5), 300 mM NaCl, 2 mM MnCl2, and 5%
glycerol. High-performance liquid chromatography (HPLC)-grade synthetic 20-nucleotide (nt)-long RNA
probes were purchased from Dharmacon (GE Healthcare) or Biomers (Ulm, Germany) and 5= labeled with
[�-32P]ATP, using protein nucleotide kinase, according to the manufacturer’s instructions (New England
BioLabs, Ipswich, MA). In brief, standard reaction mixtures contained 0.25 �M NP C-terminal domains, 5
mM MnCl2, and 1.25 �M radiolabeled dsRNA probe. Reactions were quenched at intervals with buffer
containing formamide and EDTA (10 mM), and the samples were resolved by separation on a 20%
polyacrylamide gel containing 8 M urea. Gels were exposed to a phosphor screen and visualized by using
a FLA-300 phosphorimager (Fujifilm, Saint-Quentin-en-Yvelines, France).

Virus rescue and titration. The rescue procedure for the recombinant viruses was reported
previously (26). Briefly, 1 � 106 BHKT7/9 cells were transfected with plasmids encoding NP and L, as well
as S and L segments, by using Fugene HD (Promega, Charbonnières-les-Bains, France). Supernatants of
the BHKT7/9 cells constituted the seed stock used to infect Vero E6 cells. Virus from this first passage was
titrated and used to infect Vero E6 cells at an MOI of 0.01. Titrated viruses from the second passages in
Vero E6 cells provided the viral stocks for all other experiments. The absence of mycoplasma contami-
nation was confirmed for all viral stocks. For neutralization experiments, Vero E6 cells were infected with
50 to 60 FFU/well of MOPEVACLAS incubated previously for 1 h at 37°C with serial dilutions of NHP plasma
samples (starting 1/40 to 1/1,500). For viral titration, cells were fixed with formaldehyde (FA) and
permeabilized with PBS– 0.1% Triton X-100 prior to the revelation of the presence of virus by immuno-
staining with a polyclonal rabbit antibody that recognizes either the LASV or the MOPV Z protein
(Agrobio, France), a phosphatase alkaline-conjugated polyclonal goat anti-rabbit antibody (Sigma), and
the 1-Step Nitro Blue Tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) substrate (Thermo
Fisher Scientific, Waltham, MA). Results are expressed in FFU per milliliter.

Quantitative RNA analysis. For RT-qPCR experiments, total RNA was isolated from mock-infected or
infected cells by using the RNeasy minikit (Qiagen, Courtaboeuf, France) according to the manufacturer’s
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instructions, and a supplementary DNase step was added using the Turbo DNA-free kit (Ambion; Thermo
Fisher Scientific). Synthesis of cDNA was performed by using SuperScript III, and amplification was
performed by using the gene expression master mix kit (Applied Biosystems, Thermo Fisher Scientific).
For type I IFN, the primer/probe mix was developed in-house (9). Runs of qPCR assays were performed
with a LightCycler 480 instrument (Roche Diagnostics, Meylan, France). The expression levels of all genes
were standardized to that of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and
expressed as fold induction relative to GAPDH. For viral RNA quantification, an RNA probe of the region
spanning bp 771 to 934 of the NP ORF was cloned into the pGEM vector (Promega) to generate T7
polymerase-driven transcripts. The RNA probe was DNase treated, purified, and quantified (Dropsense96;
Trinean, Ghent, Belgium). Quantitative PCR for viral RNA was performed with the EuroBioGreen Lo-ROX
qPCR mix (Eurobio, Les Ulis, France), using primers 5=-CTTTCCCCTGGCGTGTCA-3= and 5=-GAATTTTGAA
GGCTGCCTTGA-3=.

Detection of IFN-�2 in supernatants of macrophages. The IFN-�2 level in the supernatants of
macrophages was quantified by using enzyme-linked immunosorbent assay (ELISA) matched-pair anti-
bodies (IFN-� human ELISA kit; Thermo Fisher Scientific) according to the manufacturer’s instructions.

Deep-sequencing analysis of viral genomes. Purified RNAs were treated with 6 U Turbo DNase
(Ambion) to digest contaminating DNA. First- and second-strand cDNA syntheses were conducted with
random hexamer primers using SuperScript III (Thermo Fisher Scientific) and 5 U Klenow fragment (New
England BioLabs), respectively. Finally, double-stranded cDNAs were purified with the MinElute PCR
purification kit (Qiagen) according to the manufacturer’s instructions. Libraries were prepared by using
the NEBNext fast DNA fragmentation and library prep for Ion Torrent. Size selection using AMPure XP
beads (Agencourt, Beckman Coulter, Brea, CA) to obtain 200-bp reads was performed, and 14 to 20 cycles
of amplification were done. Finally, the enriched libraries were purified with Agencourt AMPure XP
beads. The 2100 bioanalyzer (Agilent, Santa Clara, CA) and the high-sensitivity DNA kit (Agilent) were
used to determine the quality and concentration of the libraries. Sequencing was performed by using the
Personal Genome Machine (PGM) Ion Torrent technology. Emulsion PCR and enrichment steps were
carried out by using the Ion PGM Hi-Q OT2 kit. Sequencing was undertaken by using a 318v2 chip and
the Ion PGM Hi-Q sequencing kit according to the manufacturer’s instructions. Automated read data sets
provided by Torrent software suite 5.0 were trimmed according to the quality score (99%) and length
(reads of �75 bp were removed). Trimmed fastq files were then mapped onto a reference genome using
bowtie2 and filtering to remove PCR duplicates (Picard tools). Finally, variants were called by using
SAMtools mpileup and varscan 2.3.6. Tables of nucleotide frequencies generated were then used to call
the consensus genome in fasta format with a custom python script.

Flow cytometry for MP activation and LASV-specific T-cell activation. Mock-infected MP and MP
infected at an MOI of 1 were detached 48 h after infection, saturated with human IgG, and surface stained
with antibodies to CD40, CD80, and CD86 (BD Biosciences, Le-Pont-de-Claix, France) before final fixation
in PBS–1% paraformaldehyde (PFA). During the NHP challenge, LASV antigen-specific T cells from fresh
whole blood incubated with a pool of overlapping GPC peptides in the presence of CD28 and CD49d
antibodies (2 �g/ml) and brefeldin A (10 �g/ml) for 6 h at 37°C were analyzed. Staphylococcal
enterotoxin A (SEA) (1 �g/ml) or PBS was used as the positive or negative control, respectively, for
activation. Peptides are 15-mer long (1 �g/ml each), with an overlap of 11 residues, and spanned the
complete GPC ORF of the LASV Josiah strain. PBS–20 mM EDTA was added to samples before cell surface
staining for CD3, CD4, and CD8 (BD Biosciences). Red blood cells were then lysed by using PharmLyse
(BD Biosciences). Cells were then fixed and permeabilized for intracellular staining with antibodies to
TNF-� (BioLegend). Cells were analyzed by flow cytometry using an LSR Fortessa cytometer (BD
Biosciences). Data were analyzed by using Kaluza software (Beckman Coulter).

Cynomolgus monkey challenge with LASV. Briefly, a group of 4 male cynomolgus monkeys
(Macaca fascicularis; 31 to 38 months of age and 3.2 to 4 kg) were immunized in biosafety level ABSL2
facilities (SILABE, Strasbourg, France) by the intramuscular injection of 6 � 106 FFU of MOPEVACLAS.
Another group of 3 monkeys was immunized with measles virus (MeV) vaccine strain Schwarz, as an
irrelevant vaccine. Blood draws were performed at 2 weeks postimmunization in order to assess T-cell
responses against LASV GP. After 5 weeks, monkeys were transported to biosafety level 4 (BSL4) facilities
(Laboratoire P4-INSERM Jean Mérieux) and challenged subcutaneously by using 1,500 FFU of the LASV
Josiah strain. Animals were monitored for clinical signs of disease and euthanized according to scoring
made based on body temperature, body weight, feeding, hydrating, behavior, and clinical signs. All
animals still alive at 29 days postchallenge were euthanized according to validated experimental
procedures. This study was approved by the Comité Régional d’Ethique en Matière d’Expérimentation
Animale de Strasbourg (APAFIS 6543-20160826144775) and by the Comité Régional d’Ethique pour
l’Expérimentation Animale Rhône Alpes (CECCAPP 20161110143954).

Statistical analysis. Statistical analyses were performed by using SigmaPlot (Systat Software, San
Jose, CA, USA) and GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Data were analyzed by
one-way analysis of variance (ANOVA) with a Bonferroni posttest.
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